Spermatogonial transplantation has demonstrated a unique opportunity for studying spermatogenesis and provided an assay for spermatogonial stem cells. However, it has remained unknown whether germ cells that matured in a xenogeneic environment are functionally normal. In this investigation, we demonstrate the successful production of xenogeneic offspring by using spermatogonial transplantation. Rat spermatogonial stem cells were collected from immature testis and transplanted into the seminiferous tubules of busulfan-treated nude mouse testis. Using rat spermatids or spermatozoa that developed in xenogeneic surrogate mice, rat offspring were born from fresh and cryopreserved donor cells after microinsemination with rat oocytes. These offspring were fertile and had a normal imprinting pattern. The xenogeneic offspring production by interspecies germ cell transplantation and in vitro microinsemination will become a powerful tool in animal transgenesis and species conservation.
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fertilization ͉ spermatogenesis ͉ stem cell ͉ transplantation S permatogenesis occurs by complex interactions between germ cells and Sertoli cells (1, 2) . At the foundation of this process are spermatogonial stem cells that proliferate indefinitely. These cells have self-renewal activity and continuously produce progenitor cells, thereby supporting male reproduction throughout life. An important characteristic of spermatogonial stem cells is that they can reinitiate and reconstitute spermatogenesis after transplantation into a heterologous surrogate environment; microinjection of donor spermatogonial stem cells into infertile recipient testes allows donor stem cells to recolonize the empty niche to initiate donor-derived spermatogenesis in the recipient animals (3). The recipient animals can then produce normal fertile offspring from transplanted donor cells (4) . This technique of germ cell transplantation provided valuable opportunities to use these cells for preservation of genetic information, genetic engineering, or infertility treatment (5) (6) (7) .
Surprisingly, this process of donor stem cell colonization and subsequent spermatogenesis can occur in xenogeneic recipient testes. It was first demonstrated by Brinster and colleagues (8) in 1996 that rat spermatogonial stem cells can colonize and complete spermatogenesis in mouse testes. Although rat spermatogenesis was directly supported by mouse Sertoli cells (9) , the speed and length of the spermatogenic cycle of the rat remained the same in the mouse testis, which indicated that the rate of the cell cycle is determined by germ cells alone (10) . Furthermore, when mature sperm were retrieved from the epididymides of the recipient mice, they showed morphological characteristics of rat sperm (8) . The xenogeneic transplantation technique was later extended to other animal species, and spermatogonial stem cells from hamsters, rabbits, pigs, bulls, primates, and humans produced spermatogenesis to different degrees in mouse seminiferous tubules (11) (12) (13) (14) (15) .
Although these pioneering studies demonstrated the feasibility of stem cell transplantation and revealed a remarkable flexibility of interactions between germ cells and Sertoli cells, it has not been possible to produce offspring by using germ cells that matured in xenogeneic mouse testes, and it remains unknown whether they are functionally normal. It is possible that such germ cells have a normal morphological appearance but cannot fertilize eggs because of a lack of necessary components that must be acquired during spermatogenesis. In particular, the major steps in chromatin remodeling occur during the final stages of spermatogenesis, and a recent study showed that the decline in fertility due to abnormal chromatin structure becomes apparent in epidydimal sperm (16) . Such defects are not apparent by morphology and require functional assessment. In fact, many morphological abnormalities are reported after spermatogonial transplantation, and these abnormalities become more severe with xenogeneic donors (9) . For example, hamster spermatogonial stem cells showed defective spermiogenesis and often had clear abnormalities in head and acrosomal development (11) . In this investigation, we examined the fertility of rat germ cells by using microinsemination. Rat spermatogonial stem cells were transplanted into nude mouse testes, and rat germ cells were assessed for their fertility potential by using in vitro microinsemination.
transplantation. This period corresponds to three to five cycles of rat spermatogenic cells (10) . Because the pace of rat spermatogenesis is intrinsic to the germ cell genotype after spermatogonial transplantation (10), the rat spermatogonial stem cells had sufficient time to mature fully. Although we observed endogenous mouse spermatogenesis in some seminiferous tubules, both fresh and cryopreserved rat donor cells produced EGFP-expressing spermatogenic colonies, as evidenced by fluorescence under UV light ( Fig. 1 A and B) , and all (30͞30) recipient testes showed colonization to some degree. When we examined the recipient testes histologically, we found all stages of rat spermatogenic cells, including spermatozoa. Meiosis of donor-derived EGFP-positive cells was confirmed by immunostaining for synaptonemal complex protein 3 (SCP3), a component of the synaptonemal complex (Fig. 1C) .
To determine whether these rat germ cells were fertile, we next performed in vitro microinsemination, a technique commonly used to produce offspring from infertile animals and humans (17, 18) . EGFP-positive seminiferous tubules were collected under UV light and mechanically dissociated to release donor-derived germ cells 124-205 days after transplantation. Whereas the round spermatids of the rats could be identified by their weak EGFP expression ( Fig.  1 D and E) , more differentiated cells do not express EGFP, and these cells were distinguished from endogenous mouse germ cells by their thinner head and longer tail (Fig. 1 F and G) . In eight separate experiments, these cells were microinjected into 157 and 428 oocytes, respectively, for fresh and freeze-thawed donor cells (Tables 1 and 2 ). Because the number of eggs that could be injected per experiment was limited, in some experiments a suspension of germ cell from the recipient's testes was cryopreserved before microinsemination.
In total, 97 (17%) of the eggs had progressed to the two-cell stage after 24-h culture. The survival rate of eggs that received freeze-thawed rat germ cells was consistently higher than that of eggs injected with fresh cells. Sperm sonication did not have a significant effect on in vitro development (data not shown). Of the 339 (58%) cultured eggs transferred to the uteri of psedopregnant females, 27% (90 of 339) implanted, and 4.4% (15 of 339) offspring were born. Normal offspring were obtained in experiments with different stages of haploid germ cells, but the success rate with spermatozoa was significantly higher than with elongated spermatids or round spermatids (P Ͻ 0.05 by t test), suggesting that maturity of the germ cells is correlated with successful offspring production. The cryopreservation of differentiated germ cells appeared to have a beneficial effect on microinsemination; offspring were obtained only when the germ cell suspension was cryopreserved after being collected from the seminiferous tubules (15 offspring from 420 injected oocytes), whereas no offspring were born with fresh-cell injection into 165 oocytes. This effect was statistically significant (P Ͻ 0.05 by t test).
When these offspring were placed under UV light, 60% (9 of 15) showed EGFP fluorescence, indicating that not all of the germ cells used in microinsemination contained EGFP transgene due to weak EGFP expression in haploid stages of germ cells. The offspring grew up to be fertile adults and showed no apparent abnormalities. The transgenes were transmitted stably to the next generation, which was confirmed by EGFP fluorescence and PCR analysis ( Fig. 1 H and I) . Because the manipulation of germline cells often induces abnormal imprint patterns (19, 20) , we used combined bisulfite restriction analysis (COBRA) to examine the methylation patterns of some of the imprinted genes. DNA samples were collected from F 1 and F 2 offspring, and the degree of methylation in differentially methylated regions (DMRs) of two paternally imprinted regions (H19 and Meg3 IG) and three maternally imprinted regions (Igf2r, Peg5, and Peg10) was examined ( Fig.  2A) . COBRA showed that the imprinting pattern of offspring from the xenogeneic germ cells was normal in both F 1 and F 2 offspring. In contrast, control DNA from wild-type sperm showed androgenetic imprinting: methylation in paternal DMRs and demethylation in maternal DMRs (Fig. 2B) . These results confirm our previous observation that spermatogonial stem cells are epigenetically resilient (21) and also suggest that spermatogonial stem cells can retain a normal imprinting pattern when the cells mature in a closely related xenogeneic microenvironment.
Discussion
Interspecies stem cell transplantation is one of the important technologies in stem cell research. For example, hematopoietic stem cells, the best-characterized stem cells in the body, can be induced to undergo complete differentiation after transplantation into xenogeneic mouse recipients, and this method now is a standard functional assay to detect human hematopoietic stem cells (22) (23) (24) (25) . Spermatogenesis is the only other self-renewing system for which a similar stem cell transplantation is available. Stem cells microinjected into the seminiferous tubules recolonize an empty niche of infertile recipient testes and achieve long-term reconstitution in a manner similar to hematopoietic stem cell transplantation (3). The spermatogonial transplantation technique has opened up several new possibilities in the study of spermatogenesis and can be used for treatment of infertility or transgenic animal production. Although xenogeneic spermatogenesis was initially reported more than a decade ago (8) , it has remained unknown whether the xenogeneic germ cells are fertile. In fact, several lines of evidence suggest the low quality of germ cells after germ cell transplantation. Russell et al. (26) originally reported several morphological abnormalities in spermatogenesis after syngeneic spermatogonial transplantation, and missing layers of germ cells or abnormalities in elongating phase of spermatogenesis were found in the germ cell colonies. Similar abnormalities were subsequently reported in xenogeneic transplantation. In addition to morphological abnormalities, it was recently found that the motility of sperm from transplanted animals was significantly lower than that of fertile control male mouse after syngeneic transplantation, and the fertilization rate and the blastocyst development rate was significantly reduced when germ cells from recipient mice were used (27) . It is not surprising that the environmental damage created by germ cell ablation treatment and evolutional distance between donor and recipient animals negatively influenced the physiological interaction between xenogeneic germ cells and Sertoli cells. These results suggested xenogeneic germ cells do not have competence to fertilize eggs for offspring production.
Our success in xenogeneic offspring production depended critically on the recent development of an in vitro microinsemination technique with rat germ cells (28) . Although the mouse microinsemination technique was developed more than a decade ago and extended to other animal species, application of this technology to rats was severely hampered, at least in part, by the relatively large sperm head and easily activated oocytes. However, we have recently demonstrated that not only spermatozoa but also round spermatids can be used to fertilize rat eggs (29) . Moreover, we recently succeeded in the production of transgenic rats by using intracytoplasmic sperm injection (ICSI)-mediated DNA transfer (30) . Thus, many procedures that were originally developed in mice are now applicable to rats, and the technique is apparently useful in expediting the offspring production from small fragments of germ cell colonies after spermatogonial transplantation.
Offspring from xenogeneic germ cells were previously reported using grafts of immature testis: Transplantation of immature testicular pieces into homotopic and heterotopic positions results in xenogeneic spermatogenesis (31) (32) (33) . Spermatogenesis was observed in the grafts from various animal species (32, 33) . Using this approach, we previously produced normal rabbit offspring by using rabbit sperm that developed in the mouse testis (31) . Although this approach is useful for preserving the genetic information of the animals, its critical drawback is that germ cells in the graft are kept within the seminiferous tubule environment, which limits the genetic manipulation of germ cells. In contrast, in vitro genetic manipulation and spermatogonial transplantation can result in efficient transgenic or knockout animal production (6, 34) , and the combination of these two technologies allows a wider range of applications with spermatogonial stem cells.
Interestingly, xenogeneic offspring were produced efficiently with freeze-thawed germ cells. In contrast, none of the transferred embryos could develop to term in experiments using fresh germ cells. Fertility of freeze-thawed round spermatids was initially demonstrated in mice (35) , and, by using the same cryopreservation solution (glycerol and FBS), we previously obtained normal offspring from cryopreserved round spermatids (29) . In that study, the success rates of offspring production were comparable between fresh and cryopreserved round spermatids. In this regard, the lower success rate of fresh cells in the present study suggests that xenogeneic transplantation affects the quality of spermatogenesis to some extent, although it does not completely abolish their fertility. Perhaps, not all of the germ cells are functionally competent in the xenogeneic microenvironment, and cryopreservation procedure may have selected relatively ''normal'' germ cells; abnormal germ cells may have more fragile cellular structures that are not conspicuous by morphological appearance. Another possibility is that components in the cryopreservation solution, or freeze-thaw procedure, may somehow confer fertility to xenogeneic germ cells. Further extensive studies are needed to clarify these issues. Shown are the results of six separate experiments. Embryos were cultured for 24 h before embryo transfer.
Our success in xenogeneic offspring production indicates a promising possibility that the technique will be applicable to other animal species. The evolutionary separation between mouse and rat occurred 11 million years ago (8) , which is comparable with the genetic distance between human and monkey. The spermatogonia culture technique is now being extended into several animal species, including rats (36, 37).
Although normal offspring production from syngeneic transplantation has been reported for several species (38) (39) (40) (41) , the use of a smaller ''surrogate father'' reduces the cost and time, instead of keeping larger animals for transplantation and natural mating. Spermatogonial stem cells are readily expanded in vitro, genetically modified, and cryopreserved at will, thereby providing an ideal resource for germline modification (34, 36, 42) . In vitro microinsemination allows the production of offspring in a controlled manner and also makes it possible to shorten generation time. It will be interesting to study whether the imprint pattern of the sperm is maintained exclusively by the donor organism and how xenogeneic sperm and epididymis interact with each other. Current technology may become an important option for animal transgenesis and conservation of germline cells.
Materials and Methods
Animals and Transplantation Procedure. Donor cells were prepared from a transgenic rat line TgN (act-EGFP)Osb4 (a gift from M. Okabe, Osaka University, Osaka, Japan). This transgenic rat line expresses EGFP gene under the control of the ␤-actin promoter. The spermatogonia and spermatocytes of these rats express EGFP fluorescence, which gradually decreases after meiosis. Donor cells were collected from 10-to 15-day-old pups. Single cell suspension from the donor testes was prepared by two-step enzymatic digestion procedure using collagenase and trypsin (43) . In some experiments, donor cells were frozen in liquid nitrogen as described in ref. 44 . Donor cells were suspended at a concentration of 10 8 cells per milliliter in DMEM, supplemented as described (43) .
For transplantation, KSN nude mice (Japan SLC, Shizuoka, Japan) were treated with busulfan (44 mg͞kg) at 4 weeks old and were used as recipients at least 1 month after busulfan injection. To avoid bone marrow failure by busulfan treatment, all recipient mice received bone marrow transplantation from untreated healthy donors within a week after busulfan treatment. For the testicular injections, Ϸ10 l of single-cell suspension was introduced into the seminiferous tubules. Microinjection involved efferent duct injection and filled 75-85% of the tubules in each recipient testis (43) . The Institutional Animal Care and Use Committee of Kyoto University approved all of the animal experimentation protocols.
Analysis of Testes.
To visualize donor cell colonization, recipient testes was placed under UV light. A cluster of germ cells was defined as a colony when it occupied Ͼ50% of the basal surface of the tubule and was at least 0.1-mm long. For immunohistochemistry, testes were fixed in 4% paraformaldehyde and frozen in Tissue-Tek compound (Sakura Finetechnical, Tokyo, Japan) for cryosectioning. Sections were stained with Hoechst dye 33258 (Sigma, St. Louis, MO). Meiosis was detected by rabbit anti-SCP3 (45) . Tetramethyl-rhodamine-conjugated goat antirabbit immunoglobulins were used as a secondary antibody (BioSource, Camarillo, CA).
Microinsemination. Microinsemination was carried out with Piezo-driven micromanipulator, as described in ref. 28 . Fragments of seminiferous tubules with EGFP fluorescence were dissected by fine forceps, and rat germ cells were recovered mechanically. Morphologically normal zygotes at the two-cell stage and nondegenerating one-cell stage, harvested at 24 h after microinsemination, were transferred into the oviductal ampullae of pseudopregnant Wistar rats. Offspring were recovered by caesarean section at 21 days after transfer. Data were analyzed by the Student t test.
PCR. The EGFP transgene (Ϸ307 bp) was amplified using specific primers (5Ј-TGAACCGCATCGAGCTGAAGGG-3Јand 5Ј-TCCAGCAGGACCATGTGATCGC-3Ј). COBRA. The methylation statuses of the imprinted genes were assessed by COBRA using specific primers (5Ј-GGAATTT-ATATAAGGTAATATTGTG-3Ј and 5Ј-CTCATAAAACCC-ATAATTATAAAATC-3Ј for H19; 5Ј-GGATTGTGGTT-TTTTTATGGATTAGTG-3Ј and 5Ј-CCTCTTTCCTTCCCA-ACTAACC-3Ј for Meg3 IG; 5Ј-TAGTGGGGTATTTTTATT-TGTTTGG-3Ј and 5Ј-AACTATCCTAAAAATACAAAAC-TACAA-3Ј for Igf2r; 5Ј-GGGAGGGGAGTATAAAATA-GAG-3Ј and 5Ј-TACTCCCAAACCTACAAATTC-3Ј for Peg5; and 5Ј-TTTTATGTTTTTAGTGTATTAATGGG-3Ј and 5Ј-CAAAACTCCATTTTATCTACCACC-3Ј for Peg10) (21) . The PCR products were digested with restriction enzymes that recognize sequences containing the CpG motif. The intensity of the digested DNA was quantified using Mac BASv25 software (Fuji Photo Film, Tokyo, Japan).
